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ABSTRACT

Several interesting belérs of resonant tunneling diodesT({Bs) are inestigated through numerical simulation: high
frequeng self-oscillations, strong intrinsicybteresis, and pronounced static bistabiligch of these behiars has been
obsened perimentally in RDs, hut the measured fetcts hae been shwer (oscillations), weak (thysteresis, bistability), or
required &ternal inductance to occur (oscillationgsteresis). These simulations indicate that tfectf occur strongly and
intrinsically in an RD when a narn@ enegy band in the emitter aligns just bel@ quantized engy state in the quantum
well. Quantum system models angi#dable computation peer have only recently deeloped to a point where the necessary
physical efects (inelastic scattering, self-consistgnand transient operation) can be properly included to simulate these
behaiors in a quantum dece. A 1-D Wgner function model is used for transient, self-consistdii@ BBmulations including
inelastic scattering. 1-D transferatrix calculations are used to locate quantizedggnlevels. The plisics behind the intrin-
sic oscillations, fsteresis, and bistability are described for the simulafdal Bimulation results are also presented for dou-
ble-well RTD structures in an attempt to enhance thefeetst
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1. INTRODUCTION

Resonant tunneling diodesTRSs) [1-3] hae undegone intensexperimental and theoreticahiestication oser the past
decade and more, due to their potential circuit applications [2, 4] and their status as a prototype quantum elgicgonic de
Several potentially useful bekiors hare been obseed in RID measurements, including high-frequgmscillations [5 -8],
hysteresis in the currenbitage (I-V) cure [5, 7, 9], and intrinsic bistability [10-12]. In 1991, Jensen and Buot (JB) [13]
described some ambitiou§ R simulations which shwed all of these &fcts in a single déce for the first time. In [13] and
subsequent theoretical analysis of these simulations by Buot et al. [14-19]y$es @nd circuit implications of this simu-
lated behaior was analyzed in great detail. Significanthat analysis contradicted some of the consenswus wEthe plsics
of these phenomena imMRs.

This work revisits the simulation of the JBT® in greater detail, to revaluate the pysics of this deice and to eplain
ary discrepang between simulation ancgerimental results. The steady-state operation of thieales analyzed in Section
2, and the transient operation in Section 3. Section 4 analyzes thevégidithese dects to \arious practical considerations,
and presents simulations of double-well® which attempt to enhance the platedaat$ for more robist operation. Both
Wigner function [20, 21] and transferatrix [22, 23] simulation capabilities of RBDS (Stanford @Antum Device Simu-
lator) [24, 25] were used in thisork.

2. STEADY-STATE RTD PHYSICS

The RID simulated by Jensen and Buot hag®ybasic structure, as sk in Figure 1. It is composed of a 5 nm undoped
GaAs guantum well between 3 nm undopegd #8la, 7As tunnel barriers and 3 nm undoped GaAs spacer layers. The GaAs
contact layers (doped n-type at 2%X346m°) are 19 nm each, \gng a total deice width of 55 nm. @ facilitate comparison to
the simulations of JB [13], identical simulation parameters are used: eledeotvefmass of 0.066%,, permittvity of
12.%,, effective relaxation time of 525 fs [26], and a simulation temperature of 77 K. Also as in [13]igaktMfunction
simulations include self-consistgnand scattering, use position grid spacing of 0.647 A andav@number points, and use a
time step of 1 fs (for transient simulations)

The fundamental operation characteristic for electronicds is the currenteltage cure, so this will serg as the start-
ing point in this irestigation of the JB RD. A Wigner function simulation tracing the steady-state |-V ewtf/this R D is
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Figure 1:Simulated Jensen and Buot (JBJIR
structure [13]: equilibrium self-consistent conduction
band E(x), Fermi levels B, and doping Iy(x). The 0.3
eV Alg G 7As tunnel barriers are 3 nm thick, and the
GaAs quantum well width is 5 nm. The center 17 nm
of the deice is undoped.
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Figure 2: Self-consistent, steady-state (equilibrium
operating point) RD I-V curve, shaving an upvard-
sloping plateau andysteresis in the NDR géon.
“Normal” RTD operation (without the plateau) is indi-
cated by the dashed cetv

shavn in Figure 2. © explain the plysics behind the more interesting features of this |-V euavbrief reiew of basic RD

physics is useful. Thedy feature of the basicT® I-V curve is a rgion of negative differential resistance (NDR). The cause

of NDR is indicated in Figure 3, which sk the conduction band profile of the JBORat both the peak andNey of the |-V

cune. At applied biases up to and including the peak current condition (0.23 V in theD)Bdiectrons entering theT® at

the emitter contact can tunnel through the double-barrier structure via the quantum well state (QWS). As the bias is increased

above the peak condition, the QWS egedrops belar the emitter band edge, and current decreases due to a greatly reduced
tunneling probability This “normal” RTID behaior is well described in [2] and elsbere.

Figure 2 shws that the simulated JBTR does not beha in the simple manner described &bin the NDR rgion of
operation. Instead of the curreatling smoothly from peak toalley, a plateau structure occurs in the NDRBioe of the |-V
cune. The plot in Figure 4 of the conduction band profile of thB Bt 0.28 V (the center of the plateau) indicates thatea ne
current path is aate. At this bias, the QWS is indeed well veltihe band minimum at the emitter contact, so electrons enter-
ing the R'D at the emitter can not tunnel through the QWS direktbwever, an extended potential depression haseleped
in the emitter conduction band. It appears that the plateau current results from electrons scattering into the emitter depression
and then tunneling through the QWS to the colle@&orce the emitter depression is nar{@0-20 nm), the quantum mechan-
ically allowed enegy levels (belov E=0) for electrons will be discrete and widely separated, just as in the quantum well. Thus,
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Figure 3: Peak and alley conduction band profiles.
Carriers entering from the emitter can tunnel through
the quantum well state at the bias for peak current
(0.23 V), lut not at the bias foralley current (0.32 V).
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Figure 4: Self-consistent RD conduction bands at
the center of the |-V plateau (0.28 V). Electrons mus
scatter into the discrete eggrstate in the emitter
depression to tunnel through the quantum well state.




this explanation for the plateaufett depends on a quantized state in the emitter depression being at roughly the same ener
as the QWS, so that current camflivom the emitter state to the QWS.

To verify that the plateau is due to an alignment of quantizedygiséates, the transtenatrix method (TMM) capability
of SQUADS is used to locate resonant enelevels in the deice. Rather than searching for egestates aE >0 where a
peak in the transmission cfiefent occurs, the TMM is modified to find resonant gie=r atE <0, corresponding to ave-
functions with the highest standingave amplitudes in the emitter depression and quantum well. Using this approach, Figure
5 shavs the resulting engy spectrum (normalizedavefunction amplitude ersus en@y) of carriers in the emitter depres-
sion (solid cure) and quantum well (dashed cejpfor RTD operation at the center of the plateau (0.28 V). The first discrete
emitter state (DES) ergy is only about 5 meV belothe QWS engy, which is close enough for these states to interact and
transmit a significant current.

Note that the DES and QWS egiess are separated by only 5 meV at the center of the plateau, yet the ptéteds e
over about 75 mV of applied bias. This requires that tteeemegy levels stay essentially “loed” together during the plateau
portion of the I-V cure: ary changes in engy must be virtually equal. This iga&ctly what occurs: the DES/QWS separation
starts at just 8 eV atav= 0.24 Yand the DES engy increases sty with applied bias until it rises at’e the QWS engy at
the end of the plateau. ladt, plateau operation is only maintained if the DES isgetieally belav the QWS. Vith the QWS
above the DES, if the QWS clge density increases, the electrostatic field in the collector barrier increases while that in the
emitter barrier decreases, so the potential of the QWS rises furtivertaledDES. This reduces the currenivffoom DES to
QWS, reducing the QWS cluga. By symmetryas the QWS chge decreases, the potential of the QWS decreasasd®the
DES enagy, so the supply of electrons from DES to QWS increases, angdleerepeats. Thus, a restoring mechanism due to
chage storage in the quantum wedldps the QWS slightly abe the DES. Havever, if the DES ger rises abee the QWS,
the supply of electrons to the QWS decreases, and the QUi be deplete. The potential of the QWS drops furthembelo
the DES. This further reduces the supply of electrons to the QWS. Avayneanditions ensues, which ends when tieeto
I-V curve operating conditions are reached.

The fact that the QWS ergy does not rise with respect to the collector band minimum indicates that the conduction band
profile in the collector and quantum well does not change appreciably through the plateau. Therefore, all increases in applied
bias must be accommodated by band-bending in the erfiiere 6, which shas the R'D conduction band profile for con-
secutve biases in the plateaterifies this. This also indicates that the total ghan the quantum well and collector remains
constant throughout the plateau. If the gearchanged appreciabtiien the electric fields in thexdee would also be modi-
fied, as would the potential profile. Aajn, plots of total chae in the collector and QWevsus applied bias [27] confirm this.
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Figure 5: Enegy occupation spectrum (normalized
wavefunction amplitude ersus engy) of carriers in
the emitter depression (solid cejvand quantum well
(dashed cum) for the conduction band diagram of
Figure 4. The first emitter ergpr level is only about 5
meV belav the quantum well state. Construwetinter-
ference is apparent near the respectesonant ener-
gies, and destrue® interference between.

Figure 6: Self-consistent conduction band profile
for the plateau (solid cues) and adjacent biases
(dashed cums). All applied bias changes in the pla-
teau are accomodated by dliag of the emitter con-
tact and dischaing of the emitter itself. The resonant
states at the center of the plateau (0.28 V) amesio
the emitter depression and quantum well.



These results also indicate that current through the DES/QWS path remains constant through the plateau. Therefore, the posi
tive slope of the plateau must be atitésl to current from unscattered electrons, which see rapwiériteg tunnel barriers as

bias increases in the plateau (see Figure 6yidte explanations [14] of the posit slope in the I-V plateau of thiSR were
much more complicated.

In summarythe plysics of the I-V plateau and associatgdthresis can be described as a collaborationvefalephe-
nomena: scattering, theadopment of a potential depression in the emittex alignment of a discrete emitter state with the
guantum well state, and clgarstorage in the quantum well. On the up-trace, as the QWS dropsbile, the emitter con-
tact conduction band minimum) after the peak condition, the quantum watishi® deplete. Normallyhe emitter chae
increases to compensatei la laver-enegy means accommodating the applied biastg in this case: the delopment of a
potential depression in the emittArdiscrete emitter state widops in this emitter depression which electrons scatter into, and
which provides a current path through the slightly higher gn@WS. A negative feedback mechanism due to quantum well
chage leeps the QWS slightly atee the DES as the bias increases. Thus, current through the DES-QWS current path remains
essentially constant throughout the plateawvéer, current due to electrons which do not scatter into the DES increases with
bias as their engy rises tavard the top of the barriers. Also with increasing bias, the DESvdysfnished up twards the
QWS. When the tev states cross, the electron supply from DES to QWS decreases, the Q@¥Sdenges as it depletes, and
the plateau ends abrupti®n the dwn-trace, the QWS is initially emptgnd the bias must be decreased to where the QWS is
just belav the emitter engly before electrons from the emitteilgha to scatter into the QWS, raising its potential, and return-

ing the RTD to plateau operation. Thus, quantum well gkas solely responsible for the plateatysteresis, as determined
by JB [13].

3. TRANSIENT RTD PHYSICS

We naw turn from steady-state to transienypits of the |-V plateau in the JBTR |-V curve. This bgins with a tran-
sient Wgner function simulation trace of the |-V censimilar to simulations of Jensen and Buot [13]. [Figure 2 is a steady-
state cure, which traces the (stable or unstable) equilibrium operating poine]daksen and Buot, these transient simula-
tions shaved high-frequengccurrent oscillations at fed biases throughout the plateau after switching from one applied bias to
the net. However, for biases ab@ about 0.25 Mhe plateau is actually stable, since the oscillations decayed andite de
eventually reached steady-statery/ long transient simulations sked that the JB FD is unstable in the plateau only at
biases of 0.25 V and belpin contrast to the conclusion of JB [13] that the entire platesunstable.dt example, Figure 7
shaws the current oscillations at 0.24 V aftentiave coverged to a steadyaveform and amplitude after about 20 ps. These

are quite lage (and therefore potentially useful) oscillations, with a frequehabout 2.5 THz and an amplitudethlO5
Alcm?, which is wer 40% of the timeagrage current.

The transient |-V cum was identical to the steady-state @iwhere the RD was stable. Hoever, in the small range of
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Figure 7: 2.5 THz intrinsic current oscillations at an Figure 8: Steady-state (equilibrium) and transient
applied bias of 0.24 V in the JBIR. The oscillations (time-averaged) |-V cure detail near the upper transi-
result from the changing reledéi positions of the tion to the plateau. The transient |-V cervas a sec-

enegy states in the emitter depression and the quan- ond, dynamic #steresis loop near the main peak of the
tum well. I-V curve.



biases where there were perpetual oscillations (i.e., where the transient simulations didemge¢ torsteady-state), the time-
average current as not equal to the (unstable) equilibrivatue found by the steady-state simulation. In thgibreof opera-
tion, since the transient simulation falle the actualwlution of the deice, and sincexperiments typically measure time-
average current, the transient |-V caris the pisically correct one. Figure 8 shis a detail vier of unstable rgion of the
equilibrium steady-state and the timeseage transient I-V cues. In follaving the devn-trace of the transient I-V cueya
second fisteresis loop not seen in the steady-state simula@grovgcuered. Thus, three features of the transient operation of

the JB R D need to be westicated: the cause of the oscillations, thggital diference between thever (unstable) and
upper (stable) portions of the plateau, and the cause of the sgcteickhis.

Considering the unstable oscillations, the discussion of restoring mechanism invtbaspsection suggests that time-
dependentariations in the alignment of the DES and QWS due togeh@ensity &riations might produce thisfe€t. To con-
firm this, Figure 9 sh@s chage density and conduction band profiles for the minimum and maximum current conditions of
Figure 7. D see chae \ariation more clear|yFigure 10 shaes integrated chage in the emitter and quantum wedlrsus time.
Thus, during oscillations, the emitter and quantum wellggsoscillate about 180 glees out of phase with each other
resulting in a similar oscillation in the alignment of the DES and QWS. This confirms the restoring mechanism (more pre-
cisely a “limit-cycle” mechanism [14] in this case) described in Section 2 as the cause of plateau oscillations. This description

of the oscillation pisics of the JB RD largely agrees with that of Buot and Rajagopal [16, 17], although “DE§¥naust
replace “Fermi leel” in their description.

The possibility of oscillations occurring in aifB where a discrete emitter state des the QWS was first predicted by
Ricco and Azbel [28]. Hwever, they did not foresee that the DES must remainwette QWS for the restoring mechanism
(self-consisteng) to maintain this current path. Thalso suggested that af R would never reach steady-state under these
circumstances. Heever, the transient |-V trace shed that this RD is stable in the upper portion of the plateau. This brings
us to the second interesting feature of the transient I-V trace: that the plateau is partly stable and partly unstable. The reason is
that unstable operation requires gatere differential resistance (NDR)fett. Thus, for plateau operation at biases of 0.25 V
and belw, the R'D will be unstable, while alwe 0.25 V it will be stable. [Note that the JBRis not unstable in the NDR
portion of the laver I-V cure because the oscillatory mechanism discussedkabamot operationalxeept in the plateau. In
particular for operation along theweer I-V cune in Figure 2, there is essentially no deain the QWS, and no DES.

Finally, the third interesting feature of the transient |-V euo¥ Figure 8 is the namohysteresis loop just bel0.24 \/
Since there is noysteresis in the steady-state |-V caiv the main current peak, the cause of tlyistdresis must be a
dynamic efect. Indeed, the RD is oscillating here on the transienwdotrace. Plots of the current oscillations [27]sltbat
the RTD is not oscillating around the equilibrium operating point in the steady-state I-V trace. The oscillationssalieeho
the RID to remain in plateau operation (i.e., with an emitter depression and DES/QWS current path) longer than a non-oscil-
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Figure 9: Self-consistent conduction band and elec- Figure 10:Total (integrated) chage in the emitter

tron density during oscillations at 0.24 Yhe solid
curves correspond to the maximum current; the dashed
curves to the minimum. The quantum well potential
(and thus the quantum well state gygionly \aries by
about 12 meV

layer (top) and quantum well (bottomgrgus time dur-
ing oscillations at 0.24 V bias. Self-consistetries to
maintain a constant net clgar in the deice, so a

decrease in onegimn causes an increase in the agther
and vice-ersa.



lating RTD does. This |-V cure feature has been st in RTD equvalent circuit simulations andcperimental measure-
ments preiously [5, 7, 29, 30]. Sollner [5] used a kind of momentuguarent to gplain this form of gsteresis: “it is
necessary to bias the diode nearer tg@reof maximum ngative conductance to i oscillations...than to suppress oscilla-
tions after thg have beyun...” Wallis and Bitsworth [31, 30] use the term “subcritical Hopf bifurcation” for thiteef. This
appears to be the first defimti demonstration of dynamigsteresis in intrinsic RD simulations. Hwever, this efect needs
to be enhanced (wideysteresis loop) toxploit it in real deices.

4. DISCUSSION

The plateau éécts described ale could be used ingeral applications: a THz oscillata micravave detectgra three-
state deice [25], or other quantum functionaluiees [4]. In order to deslop real deices based on simulations, accyra¢
the simulations is critical. Wner function simulation results such as those describecabl elsghere (e.g., [13, 25, 27])
indicate that this method of quantunvibe simulation can prade a great deal of insight into theygsits of “macroscopic”
guantum deices such as theT®. Indeed, the \igner function model alles one to include scattering, self-consisienpen
boundaries, and transienfets in a computationally feasible simulationwéger, some aspects of the JB'R simulations
above raise questions about their accyraad practical significance oF example, did the emitter depression form simply
because the emittergien was so short? What is thefeft of enforcing current continuity at the contactswhensitve are
the plateau éécts to changes in the relaxation time or scattering model? And fivhby modifications can be made to the JB
RTD to produce the useful plateadeets more robstly? This section will address these questions with further simulations
and discussion. [Note that theysical and numerical parameters used in Sections 2 and 3 were identical to those used in [13],
so that the pysics behind the results in [13] could be illuminated.]

The most obious possible inaccurgof the Wgner function simulations in Sections 2 and 3 is indicated by the high elec-
trostatic field at the emitter contact during plateau operation. A high electric field at a contact indicates that the simulation
results are not independent of the simulatiajiore boundary location. From a search of the literature, contact layer widths in
experimental RDs are typically 100 to 1000 nm, rather than the 19 nm (chosen to limit computational size [32]) of the JB
RTD. Thus, the simulation results of Sections 2 and 3 may say little about the operation ofp@dstental HDs. In partic-
ular, since the emitter contact electric fieldsasignificant for plateau operation, the interestingials (which all occurred in
the plateau) could be entirely a result of the short emiibecheck this possibilitysteady-state and transient |-V trace simula-
tions were run with wider emitter layers. The reswdswhat although the plateadieets were diminished, tiiavere all still
present in the wide-emitterdee. For example, Figure 11 sk the I-V cure for an RD with a 63 nm emitterand Figure
12 shaevs the conduction band profile of the sanTé@Ror operation in the plateau. Increasing the emitter widgtor 40
nm, or the collector width lyend its original 19 nm, had a gigible efect on the |-V cure. These results shothat the
potentially useful plateau fetts are maximized with a nawcemitter (distance between tunnel barrier and metal contact)
compared to those in typicatgerimental RDs.

Another cause for concern about the acouwacthe forggoing RTD simulations is the use of equilibrium Fermi-Dirac
boundary conditions [20], which is standard practice ign&t function simulations. These boundary conditions assume an
equilibrium incoming distribtion of carriers from the contacyyen though aery high current mayxst just inside the simu-
lation region. It would be more pysically correct to use boundary conditions whighikit current continuity with the dece.

To accomplish this, another steady-state |-V ewms computed for the JBIR using drifted (i.e., non-zerovarage elocity)
Fermi-Dirac boundary conditions [33]JoBchi@e current continuity at the boundaries, a second iterati@nvdertaén out-

side the Poisson self-consistgriteration. The eternal iteration ended when theesage drift vavevector (\elocity) of the
boundary conditions changed by less than 0.01% ofvawector grid space. The resulting |-V trace (notvehdere) vas

very similar to that for equilibrium BCs, and in particulalateau d&cts are essentially unchanged. Because of thevediati

small efect and the high additional computation required to enforce current continuity at the boundaries, this coastraint w
not enforced in another simulations in this evk.

Still another issue of concern is the seutitiof the plateau éécts to changes in the relaxation time or scattering model.
All published Wgner function simulations to date which included scatterivg biged the relaxation time approximation scat-
tering model [5, 21]. In the ake simulations, the relaxation timeas/the same as that used by JB [34], tonatlbect com-
parison to their results. The senstti of the plateau éécts to scattering changes can beesticgated by changing the
relaxation time directlychanging the temperature of the simulation (which alters both the relaxation time and boundary condi-
tions), or using a diérent (and presumably more accurate) scattering model than relaxation timeveltigaition of more
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Figure 11:Wide (63 nm) emitter equilibrium I-V
cune. The narrev (19 nm) emitter |-V cure is shavn
for comparison. Using a nawoemitter causes the
RTD to beain plateau operation atier biases and
more abruptlyand prolongs it to higher biases, than
the wide emitter RD. However, the |-V plateau still
occurs in the wide emitterT®, and is caused in the
same manner as in the navremitter R D.
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Figure 12:Wide emitter conduction band profile
during plateau operation at 0.28 Also indicated are
the positions of the DES and QWS (from transfer
matrix analysis). Note that the emitter contact e-field is
small, as intended. This shis that the formation of an
emitter depression and the resulting I-V plateau are nc
simply the result of inaccurate boundary conditions in
the narrav emitter R'D simulations.

accurate scattering models dessrmuch more space than iaidable here, so this will be pursued in a futumrky This

work presents results for both of the other options, asrsimFigures 13 and 14. From these results, we see that the plateau
effects are quite dependent on the scattering rate of carriers. At temperatwe2@(iS, the plateau fetcts are essentially
guenched. At lver temperatures, the plateatfeefs are strongehut the rgion of NDR becomes nam@r, so that oscilla-

tions will occur @er a narraver range of bias conditions. The results are similar for the relaxation difia¢ion. Note that a
larger relaxation time means less scattering, which is similar tower kemperature. Here aig we see that if the relaxation
time decreases by adtor of two, the plateau is essentially lost. @ersely if the relaxation time increases byaator of tvwo,

the NDR rgion of the plateau disappears, so that high frequescillations will not occurThe conclusion is that in order to

use simulation to design auee to produce thesefetts, the temperature and scattering model used in simulations must
closely match that of the realdee.
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Figure 13:1-V curves for JB KD versus simulation
temperature. @mperature modifies both the relaxation
time and the boundary conditions. Note thatvai200
K, the plateau éécts are quenched, because the emit-
ter conduction band depression does not form.velo
100 K, the plateau fcts strengthen only moderately
with decreasing temperature.
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Figure 14:1-V curves for JB HD versus relaxation
time T = at,. A larger relaxation time means less
scattering. Note that all plateaudesits are essentially
gone for t1<ty/2. Also, although plateau fetts
strengthen with increasing, the NDR rgion of the
plateau is déctively gone fort > 2t . Thus, high fre-
gueng oscillations will not occur in that limit.



Several experimental HD measurements siing efects due to emitter potential wells and resulting discrete emitter
states hee been claimed or demonstrated [35-38]. Thédasare usually specially designed to produce thdeetef unlile
the fairly corventional (ecept for the narne emitter) JB HD. The preious results of this section, especially those concern-
ing variations in the scattering model, indicate that the IB Riay not produce the plateadiests \ery reliably Therefore, a
final investication in this vork is to attempt to identify anT® structure that produces the plateai@es more strongly and
robustly. Based on the analysis in Section 2 of the plategsiqd) such a deéce must supply electrons to the main quantum
well in two distinct enagy bands. The lwer of these bands mustMesa sharp engy distritution centered just bedothe QWS
enegy. In the JB RD, the short emitter and self-consistgmause an emitter depression and DES to form after the current
peak, and this DES happens to be justwdlie QWS engyy. There are seral ways todesign an RTD to produce a sharp
enegy distritution in the emitterincluding using a narve-band material to form a quantum wellkhéo the emitter barrier
inserting a third tunnel barrier (second quantum well) in the epditieling a superlattice in the emittand inserting a com-
plete R'D structure in emittefThe latter tw approaches were notpected to produce an electron beam at anggrislav
the QWS en@y. Results and discussion for the firsbtapproaches folla.

The first approach used to create a quantum well and IsSonnsert an InGaAs layerxteo the emitter barrier of the
JB RID. Figure 15 shws the conduction band profile of one such structure, in this case with an 8 nm, 5% indiuFidayer
16 shavs the I-V cure for this R D. The plateau, ysteresis, and bistability are quitadent in the I-V cure. In fact, a second
hysteresis loop has opened under the main current peak. Figurewibthbaconduction band and carrier density profiles for
operation in the plateaugi®n (0.3 V bias), indicating that a potential depression still forms in the emitter of this modified
device. Note that the DES must align just lvellhe QWS after the current peak, andisigint electrons must be able to scatter
into the DES to &ep the QWS full - tav very difficult constraints to satisfiBased on numerous simulations of modifiddR
with InGaAs quantum wells ofavious shapes and sizes, the collabegathiechanisms in JBT® seem to be more reliable
way to produce the plateau and its associatedtsf

The second attempt to enhance the platef@atefof the JB RD was to insert a tunnel barrier in the emijtereating a
second quantum well just upstream of the first, agshio Figure 17. The intentas to produce the necessary DES in the ne
emitter quantum well. Note that producing an I-V plateau requires the QWS to switch from incoming electrons agypne ener
level to those at another at some point in the |-V eulw the JB RD, unscattered electrons create the first I-V peak, and elec-
trons from the DES create the second. In the triple-barfliér & Figure 17, the emitter quantum well must be desigeeg v
carefully to achiee two enegy states at the necessary @mes. Design parameters used in these simulations included quan-
tum well width, doping, and indium content, and the use of a graded InGaAs “ramp’wceldldrons to reachwenegy
levels in the emitter quantum well. &v with all of these design options, an I-V plateas weer produced in simulations of
this structure. Havever, hysteresis and bistability were often quite strong, a&sHay the I-V cure in Figure 18 for the triple-
barrier R D of Figure 17. Once ain, the simple JB D seems the most reliableawto produce the plateaufests.
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Figure 15:Conduction band and carrier density
profiles for modified JB RD operating in plateau (0.3
V). The emitter is modified with an 8 nm, 5% indium
guantum well to deepen the emitter potential depres-
sion. Self-consistencis still the main cause of the
emitter quantum well and thus plateau operation.

Figure 16:Simulated I-V cure of modified JB
RTD of Figure 15 (compare to Figure 2). Note that the
plateau dects are strong,ven though the emitter
layer is wide, in contrast to Figure 11. Also, a seconc
hysteresis loop is has opened under the main currel
peak.
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Figure 17:Conduction band and carrier density Figure 18: The high correlation of chge density in
profiles for triple-barrier JB RD operating in plateau. the two quantum wells of the triple-barrier JBI'R
A third tunnel barrier has been placed in the emitter  causes aery strong kisteresis and bistabilitynlike
creating an 8 nm quantum well. Thevkst enagy the original JB RD, this tysteresis loop is under the
level of the nev quantum well supplys electrons in a main current peak, as in most measurements of thi
narrov enegy band into the original quantum well. phenomenon. The plateau has disappeared.
5. SUMMARY

This work presented a detailed and comprehenaumerical simulation uestigation of the phlisics behind someevy
intriguing transient Wgner function simulations of anT®, published in 1991 by Jensen and Buot (JB). The simulations in
this work produced seeral nev insights into the pysics of an I-V plateau in the NDRgien of operation and associated
intrinsic hysteresis, bistabilityand high-frequencoscillations in this RD. For example, steady-state simulationssied that
the I-V plateau, prgously ascribed to dynamicfetts, is actually an equilibrium phenomenon. Thesps of this |-V pla-
teau were described in detail. During plateau operatianptwallel current paths are aeti Electrons in the first current path
scatter into a discrete quantum state in a potential depression in the, @mitéom there are transmitted through the quan-
tum well state. The second current path is composed of electrons which tunnel directly througlerie dmuble barrier
structure without scattering. Both of these current components are significant in creating the |-V plateau, alongstét its h
esis and intrinsic bistabilityrhe preiously misdiagnosed cause of the pesitslope of the plateauas also corrected.

The transient \igner function simulations of the JBTR presented also producedwn@sights. The I-V plateau ag
shawvn to be only partly unstable, while pieus results concluded that the entire plateas unstable. Irekt, because the pla-
teau vas shavn to be an equilibrium feature, only the NDR portion of the plateau could be unstableu® descriptions of
the cause of the plateau oscillations wergdbr confirmed: self-consistent interaction of the gkan the emitter and quan-
tum well, resulting in out-of-phase oscillations of these gdmarOne ne discorery was that a discrete ewggrstate in the
emitter is required to produce the oscillations and the abrupt termination of the platessitHewscillation in alignment of
the discrete states in the emitter and quantum well that modulated the current.

Finally, the plateau &cts were shan to be ery sensitie to temperature and the assumed electron scattering rate. There-
fore, simulations of modified resonant tunneling structures attempted to produce these potentiallyfertsfaia® robstly.
Various approaches were considered or simulated in an attempt to produce the necessary double-moded elettoorimistrib
the emitterbut these attempts were dly unsuccessful in impving on the simple JBD. In spite of this, with the virtually
unlimited array of structuralariations &ailable, it is quite possible that avitee which imprees on the JB RD can be found.

In ary event, based on the potential usefulness of the platéactesimulated in the JBT®, more accurate simulations
require impreements in the scattering and contact models, both of which gfayles in the occurrence of theséeefs.
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